A method has been developed to scale the experimental data of spontaneous water imbibition (cocurrent) for gas-liquidrock systems. In this method, a dimensionless time has been defined with the effects of relative permeability, wettability, and gravity included. The definition was not empirical but based on a theoretical derivation. Using this dimensionless time, experimental data from spontaneous water imbibition in different rocks with different size, porosity, permeability, initial water saturation, interfacial tension, and wettability might be scaled. The scaling model proposed in this study for gas-liquid-rock systems was verified experimentally for different rocks (Berea, chalk, and graywacke from The Geysers) with significantly different properties; it was also verified experimentally at different initial water saturations in the same rock. The scaling results from this study demonstrated that the cocurrent spontaneous water imbibition in gas-liquid-rock systems could be scaled and predicted.
Introduction
Spontaneous water imbibition is an important mechanism during water injection or aquifer invasion into highly fractured reservoirs. The amount and the rate of water imbibition from the fracture into the matrix by spontaneous imbibition are essential to the understanding of reservoir performance. The process of spontaneous water imbibition is controlled by the properties of the porous medium, fluids, and their interactions. These parameters are porosity, permeability, pore structure, matrix size and shape, boundary condition, fluid viscosity, initial water saturation, wettability, interfacial tension, relative permeability, and gravity. Li and Horne 1 derived an equation to correlate the imbibition rate and the recovery by considering almost all these variables.
Scaling spontaneous water imbibition is important to evaluate the production performance because so many factors are involved. In order to scale the experimental data successfully, it may be necessary to consider the effects of all the significant factors. Scaling has been investigated widely in oil-water systems but rarely in gas-liquid systems.
It is difficult to scale the experimental data of spontaneous imbibition in gas-liquid systems. Ignoring the effects of relative permeability, wettability, and gravity in the dimensionless time might be the reason. Natural gas-liquidrock systems are usually strongly liquid-wet. However this does not imply that there are no significant differences among different gas-liquid-rock systems in terms of wettability. Gravity may also play an important role in some cases.
Dimensionless time used to scale spontaneous imbibition data is usually defined as follows (Ma et al. 
where t D is the dimensionless time, k is the rock permeability, φ is the porosity, σ is the interfacial tension between oil and water, t is the imbibition time, µ m is the geometric mean of water and oil viscosities and L a is the characteristic length defined as follows:
where V is the bulk volume of the matrix, A i is the area open to imbibition in the ith direction, and d ai is the distance traveled by the imbibition front from the open surface to the no-flow boundary.
The scaling group in Eq. 1 was modified from Mattax and Kyte 3 who used only the water viscosity in the scaling group but a condition for scaling was that the viscosity ratio in the laboratory tests be equal to that in the reservoirs. Ma et al. 2 proposed the geometric mean of the oil and water viscosities in the scaling group. The scaling method represented by Eq. 1 was verified experimentally by Zhang et al. 4 in strongly water-
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Scaling of Spontaneous Imbibition in Gas-Liquid-Rock Systems Kewen Li, SPE, and Roland N. Horne, SPE, Stanford University wet oil-water-rock systems using Berea sandstone core samples. Later Tong et al. 5 also verified that the spontaneous water imbibition at mixed wettability for recovery (OOIP) of mineral oil of different viscosities could be correlated satisfactorily by the square root of the geometric mean of the oil and water viscosities. However, the scaling method represented by Eq. 1 was rarely verified experimentally in rocks with different wettability.
Zhou et al. 6 proposed another scaling group of dimensionless time with mobility terms of both wetting-phase and nonwetting-phase included. The reported scaling results of recoverable recovery were improved by using the proposed dimensionless time although still scattered.
Zhang et al. 4 mentioned that the square root of the geometric mean of the wetting-phase and nonwetting-phase viscosities did not scale results in gas-liquid-rock systems. Eq. 2 was modified from the shape factor suggested by Kazemi et al. 7 As pointed out by Zhang et al. 4 , when the dimensionless time defined in Eq. 1 was used to scale the experimental data in gas-liquid systems, the results were scattered significantly.
To scale the experimental results of spontaneous oil imbibition in gas-oil systems, Wang 8 calculated the average value of oil and gas viscosities using a different way than the geometric mean. The equation is expressed as follows:
where µ o and µ a are the viscosities of oil and air respectively. Eq. 2b is an empirical correlation and may have limited application, as stated by Wang 8 .
Li and Horne
1 recently developed a method to characterize the process of spontaneous water imbibition into gas-saturated rocks. The effects of relative permeability, capillary pressure, wettability (including in capillary pressure and relative permeability), and the gravity on the spontaneous water imbibition were considered in this model. A linear relationship between the water imbibition rate and the reciprocal of recovery by spontaneous imbibition was found and confirmed both theoretically and experimentally. The end-point relative permeability of the water-phase and the capillary pressure can be calculated simultaneously using the linear relationship. On the basis of the previous study, a method was developed to scale the experimental data of spontaneous imbibition (cocurrent) for gas-liquid systems. We defined a new dimensionless time for scaling in which effective permeability instead of absolute permeability was used. Also considered in the new dimensionless time are the capillary pressure and gravity forces.
Spontaneous water imbibition tests were conducted in gassaturated rocks. The scaling method proposed in this study was verified experimentally by the data from different rocks (Berea, chalk, and graywacke from The Geysers geothermal field) with different size, porosity, permeability, initial water saturation, and wettability.
Theory
A scaling model for gas-liquid-rock systems was derived theoretically based on the solution to the recovery by spontaneous water imbibition. The imbibition model by Li and Horne 1 was originally developed to characterize the spontaneous water imbibition into gas-saturated porous media and to simultaneously calculate the end-point relative permeability of the water-phase and the capillary pressure. Nonetheless this model may also be used to conduct scaling. As stated previously, the model reveals a linear relationship between the imbibition rate and the reciprocal of the gas recovery by spontaneous water imbibition and is expressed as follows:
where Q w is the volumetric rate of water imbibition, N wt is the accumulative volume of water imbibed into rocks, R is the recovery in terms of pore volume and is equal to N wt /V p (V p is the pore volume). a and b are two constants associated with capillary and gravity forces respectively. Note that this equation was derived based on a reasonable assumption that the mobility of the gas phase was infinite compared to the water phase. The values of a and b can be calculated from the spontaneous water imbibition data using Eq. 
where A and L are the cross-section area and the length of the core respectively, µ w is the viscosity of water, S wi is the initial water saturation and S wf is the water saturation behind the imbibition front; k w is the effective permeability of water phase at a water saturation of S wf . Similarly, P c is the capillary pressure at S wf . Constant b is expressed as follows:
where ∆ρ is the density difference between water and gas and g is the gravity constant. To obtain the relationship between the recovery and the imbibition time from Eq. 3, the ratio of b/a, the normalized reovery, and the dimensionless time are defined as follows:
here c is the ratio of the gravity force to the capillary force, t d is the dimensionless time with gravity and capillary forces included. R * is the normalized recovery. In the cocurrent spontaneous water imbibition case in this study, L a is equal to the core length.
Substituting Eqs. 6, 7, and Eq. 8 into Eq. 3, the following equation is obtained:
We found experimentally that R * was less than 1.0 in most cases. Therefore, the solution of Eq. 9 is:
Eq. 10 could also be expressed as follows:
We can see from Eq. 11 that R * is only a function of the newly defined dimensionless time. This feature shows that experimental data from spontaneous water imbibition in rocks with different size, porosity, permeability, initial water saturation, interfacial tension, and wettability can be scaled to a single curve of R * vs. t d . The procedure to scale the spontaneous water imbibition using the new method is described briefly in the following. The water imbibition rate is first plotted vs. the reciprocal of the recovery (amount of water imbibed into the gas-saturated rock in terms of pore volume). A straight line is expected from which the values of the two constants a and b could be obtained from linear regression analysis (see Ref. 1 for more detail on obtaining the two constants a and b). The effective permeability, k w , and the capillary pressure, P c , at S wf could also be calculated once the values of a and b are available. Therefore the dimensionless time defined in Eq. 8 and the normalized recovery defined in Eq. 7 could be computed. At last the normalized recovery is plotted vs. the new dimensionless time. According to Eq. 11, the experimental data of spontaneous water imbibition in different rocks with different specific properties is expected to correlate satisfactorily in the form of the normalized recovery vs. the new dimensionless time.
The most frequently used models in the past to characterize the spontaneous water imbibition may be the Handy model 9 and the Aronofsky model 10 . The relationship between the two models and the model (see Eq. 11) developed in this study based on the Li and Horne 1 equation is discussed in this section. We first discuss the relationship between the Aronofsky model 10 and the model expressed by Eq. 11. The term * R e is close to 1 when R * is small enough. Therefore, Eq. 11 is reduced as follows:
Eq. 12 is similar to the form of an imbibition model suggested by Aronofsky et al. 10 This demonstrates that our model includes the Aronofsky model 10 .
Next we discuss the relationship between the Handy model 9 and our model. It is known that:
Substituting Eq. 13 into Eq. 10 after neglecting the third-and the greater-order terms, the following expression can be obtained:
According to Eqs. 4-8, Eq. 14 can be deduced as follows:
Eq. 15 is similar to the Handy 9 equation. The only difference between the two is that initial water saturation is not included in the Handy 9 equation. According to the analysis in the previous section, we can see that the imbibition model (see Eq. 11) developed in this study based on the Li and Horne 1 equation is more generalized. This is because our model includes both the Handy model 9 and the Aronofsky model 10 .
Experiments
Spontaneous water imbibition experiments in air-saturated chalk were performed in this work. Li and Horne 1, 11 previously conducted spontaneous water imbibition (cocurrent experiments) in the rocks (graywacke) from The Geysers and in Berea sandstone with clay removed by firing. These experimental data and others were used to verify the scaling method developed in this study. Air was used as the gas phase and distilled water as the liquid phase because the clay in the Berea sandstone core was deactivated by firing. The surface tension of water/air at 20 o C is 72.75 dynes/cm.
The permeability of the chalk sample was around 5 md; its length and diameter were 7.5 cm and 2.54 cm, respectively.
The natural (clay was not removed by firing) Berea sandstone sample had an air permeability of around 804 md and a porosity of about 21.2%; its length and diameter were 9.962 cm and 4.982 cm.
Another Berea sandstone sample was fired at a temperature of 600 o C to remove the clay and had a permeability of around 1200 md and a porosity of about 24.5%; its length and diameter were 43.5 cm and 5.06 cm.
The Geysers rock sample from a depth of 1410.1m was obtained from the Energy and Geoscience Institute; its porosity was about 4.5%. The matrix permeability of the rock sample is not available yet. The permeability of a nearby sample measured by nitrogen injection was about 0.56 md (after calibration of gas slip effect), which is probably attributable mainly to the fracture permeability. The length and diameter of this rock sample were 3.52 cm and 8.25 cm.
Results
The experimental data of spontaneous water imbibition (cocurrent) in different rocks at different initial water saturations were used to confirm the scaling method proposed in this study. The analysis and discussion is presented in this section.
Scaling for Different Values of Initial Water Saturation in Fired Berea
To verify the scaling approach, the experimental data from Li and Horne 1 , who conducted cocurrent spontaneous water imbibition experiments at different initial water saturations in the Berea sandstone, were used. As mentioned previously, the Berea sandstone was fired to deactivate the clay. The amounts of water imbibed into the air-saturated Berea sandstone were measured at three initial water saturations and the results are shown in Fig. 1 . The lower the initial water saturation, the more the water imbibed into the core sample.
Using the existing dimensionless time defined in Eq.1, the scaling results for the spontaneous water imbibition data at three different initial water saturations (see Fig. 1 ) are shown in Fig. 2 . Different researchers use different definitions of recovery. Some use recovery in terms of original reserves in place and others use recovery in terms of recoverable reserves. In this paper we present the results using the two definitions. Fig. 2a shows the relationship between the recovery in terms of gas originally in place (GOIP) and the existing dimensionless time; Fig. 2b shows the relationship between the recovery in terms of recoverable reserves and the existing dimensionless time. Note that only water viscosity was used in the scaling. The geometric mean viscosity term in Eq. 1 was substituted by the viscosity of water. It is supposed that all the experimental data points obtained at different initial water saturations should sit close to a single curve if the dimensionless time is appropriate for the scaling. However, Figs. 2a and 2b demonstrate that the experimental data points scatter significantly.
Using the scaling method developed in this study (see Eqs. 7 and 8), the same experimental data presented in Fig. 2 were plotted as the normalized recovery versus the new dimensionless time and the results are shown in Fig. 3 . All the experimental data of the spontaneous water imbibition sit in a single curve except those after the water imbibition front reached the top of the core. We can see from Fig. 3 that the proposed scaling model works remarkably well for the spontaneous water imbibition in the fired Berea sandstone for different initial water saturations.
The normalized recovery by spontaneous water imbibition is supposed to be less than one. However, some values of the normalized recovery at the initial water saturation of 57.8% are greater than one after the water imbibition front reached the top of the core sample. Evaporation of the water may be the cause for this. At high initial water saturation, the calculated values of the normalized recovery are very sensitive to error of measurements of water imbibed. Experimental results from a shorter Berea core sample were also used to conduct the scaling. The water evaporation in a shorter core sample is expected to be less and the scaling results should then be less scattered in the later time of experiment. This will be discussed in more detail in the next section.
Scaling for Different Values of Initial Water Saturation in Natural Berea without Clay Removed
Spontaneous water imbibition (cocurrent) tests in natural Berea sandstone without clay removed were conducted by Chow et al. 12 . Compared to the fired Berea sandstone sample, the natural one had lower permeability and smaller size. The wettability might also be significantly different. The relationships between the amounts of water imbibed into the Berea sandstone and the time at five different initial water saturations are shown in Fig. 4 . As in the fired Berea sandstone, the amount of water imbibed decreases with an increase of initial water saturation. Fig. 5 shows the scaling results for the spontaneous water imbibition data at five different initial water saturations using the existing dimensionless time defined in Eq.1. As before, only water viscosity was used in the scaling. Fig. 5a represents the recovery in terms of GOIP. The experimental data points before the imbibition front touched the top of the core sample could be scaled but the points measured later scatter significantly. Fig. 5b shows scaling results in terms of recoverable recovery using the existing scaling model for the same experimental data used in Fig. 5a . The data points before the imbibition front touched the top of the core sample are scattered but those measured later could be scaled except the point at the initial water saturation of 50%.
Using the normalized recovery defined in Eq. 7 and the scaling dimensionless time defined in Eq. 8, the same experimental data shown in Fig. 5 were replotted and the results are shown in Fig. 6 . The proposed scaling model (Eqs. 7 and 8) works extraordinarily well for the spontaneous water imbibition in natural Berea sandstone at five different values of initial water saturation for all the experimental data, both before and after the imbibition front of water touched the top of the core sample.
The scaling results presented in Fig. 6 show that a single satisfactory correlation between the normalized recovery defined in Eq. 7 and the scaling dimensionless time defined in Eq. 8 may be obtained.
Scaling in Different Rocks
Capillary pressures and relative permeabilities (the effect of wettability may be represented by the two factors) may be different in different rocks. So the spontaneous water imbibition behavior would not be the same. The relationships between the amount of water imbibed into different rocks (fired Berea sandstone, natural Berea sandstone, chalk, and the graywacke from The Geysers geothermal field) and the imbibition time are shown in Fig. 7 . Berea_1 and Berea_2 in Fig. 7 represent the fired Berea sandstone and the natural Berea sandstone respectively. We can see from Fig. 7 that the behavior of the spontaneous water imbibition in different rocks is much different. The imbibition rate and the ultimate recovery obviously depend on the rock properties. We can also see from Fig. 7 that firing the Berea sandstone significantly altered the behavior of the spontaneous water imbibition.
Investigations on scaling of spontaneous water imbibition in different rocks have been infrequent. Figs. 8a and 8b show the scaling results for the spontaneous water imbibition data in different rocks using the existing scaling group of dimensionless time defined in Eq. 1. The existing scaling model does not work well for the spontaneous water imbibition in different rocks for the experimental data both before and after the imbibition front touched the top of the core sample. Different rocks may have different wettability, capillary pressure, relative permeability, and so on. However, these factors are not included in the existing scaling model. This may be why the existing scaling model could not scale experimental data of spontaneous water imbibition in different rocks.
The experimental data in different rocks (the same as in Fig. 8) were grouped using the normalized recovery R * and our scaling dimensionless time t d . The scaling results in different rocks are shown in Fig. 9 . The proposed scaling model works satisfactorily for the spontaneous water imbibition in different rocks with very different properties, although it does not scale the results after the imbibition front touched the top of the core sample. Fig. 10a shows the relationship between the recovery in terms of gas originally in place and the existing dimensionless time for all the experimental data (available to us) of spontaneous water imbibition in different rocks and at different initial water saturations. Fig. 10b plots the same experimental data of the recovery in terms of recoverable reserves. We can see from both Fig. 10a and Fig. 10b that the data points obtained by existing scaling model significantly scatter for the spontaneous water imbibition in different rocks and at different initial water saturations. Fig. 11 shows the results using the scaling model developed in this study (see Eqs. 7 and 8). Our scaling model achieved an acceptable correlation between the normalized recovery and the new scaling dimensionless time for the experimental data before the imbibition front touched the top of the core sample.
Scaling for All Experimental Results Studied

Discussion
One of the distinguishing features of the newly developed scaling model for gas-liquid-rock systems is that almost all the factors involved in cocurrent spontaneous water imbibition, including porosity, permeability, pore structure, matrix size, fluid viscosity, initial water saturation, wettability, interfacial tension, relative permeability, and gravity, were considered. Another feature is that this scaling model was derived according to the fluid flow mechanisms in porous media instead of by empirical analysis.
The scaling model was confirmed experimentally at different initial water saturations in the same rock (fired and natural Berea sandstone samples respectively). The initial water saturation ranged from 0 to about 57%. This model was also confirmed in rocks with different porosity, permeability, and size. The permeability varied in the range from less than one md to more than 1000 md.
There are not many experimental results of cocurrent spontaneous water imbibition in gas-liquid-rock systems available in the literature. The scaling model proposed in this study may need to be further verified if more experimental data become available although it works very well for the experimental results presented.
The approach used in this study to develop the scaling model could be deployed to gain a general scaling model to scale the experimental data of spontaneous imbibition in almost any system such as oil-gas-rock, gas-water-rock, and oil-water-rock systems in both cocurrent and countercurrent spontaneous imbibition cases. We have done the theoretical derivation and achieved such a general scaling model. The corresponding experiments are being conducted and the results will be published in a later paper.
Conclusions
The following conclusions may be drawn according to our present study: 1. A method was developed based on the theory of fluid flow instead of empiricism. This method may be used to scale the experimental data of cocurrent spontaneous imbibition in gas-liquid-rock systems. 2. The dimensionless time was defined with relative permeability, capillary pressure (instead of only interfacial tension), wettability, and gravity included. It is known that these factors have a significant effect on cocurrent spontaneous imbibition.
3. The scaling model proposed in this study for gas-liquidrock systems was verified experimentally for rocks with different porosity, permeability, size, and other different properties. 4. The scaling model works remarkably well at different initial water saturations in the same rock both before and after the imbibition front contacted the top of the core sample. 5. A correlation between the normalized recovery and the new dimensionless time was obtained for all the present experimental data of spontaneous water imbibition in different rocks before the imbibition front contacted the top of the core sample. S wi =0 S wi =38.6% S wi =57.6% 1.E-02
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